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Introduction {#sec1}
============

Amines and their derivatives are manufactured on a large scale by the fine chemical industry every year, as they are important building blocks for the production of dyestuff, pesticides, and pharmaceuticals ([@bib40], [@bib53], [@bib44], [@bib48], [@bib38]). They are generally prepared by reductive aminations ([@bib51], [@bib20]), amination of aryl halides ([@bib24], [@bib8]), the direct amination of alcohols ([@bib21], [@bib58], [@bib43], [@bib27], [@bib41], [@bib57]), and hydroamination ([@bib40], [@bib38], [@bib25]) of olefins. Beyond these, the catalytic reduction of nitriles is recognized as one of the most efficient and greenest one-step synthesis of these high-valued amine products ([@bib56], [@bib5]). However, there are severe selectivity issues in the hydrogenation of nitrile so that mixtures of primary, secondary, and even tertiary amines via imine intermediates ([@bib50], [@bib10]) are usually obtained ([Scheme 1](#sch1){ref-type="fig"}). Therefore, a catalyst that can selectively acquire any one of these products is being intensively pursuing. Within these possibilities, an interesting but challenging assignment is direct hydrogenation to form selectively either secondary or tertiary amines ([@bib49]). The reason is that the reaction sequence involves at least four steps through nitrile reduction. Therefore, the activity and selectivity need to be precisely controlled.Scheme 1The Probable Products in Nitrile Reduction: the Nature of Selectivity Issues

Current researches about the reduction of nitriles are mostly conducted with pressurized hydrogen ([@bib50], [@bib54], [@bib12], [@bib39], [@bib1], [@bib2], [@bib9], [@bib16], [@bib11], [@bib28], [@bib59]). However, direct hydrogenation is always labeled as a harsh synthetic process due to the explosive nature of hydrogen ([@bib47]). It is well known that catalytic hydrogenation with H~2~ and transfer hydrogenation are two parallel pathways for hydrogenation reactions. Complementary to the traditional hydrogenation, transfer hydrogenation occurs at milder conditions ([@bib18]). The commonly applied H-donor molecules include hydrazine ([@bib31]), isopropanol ([@bib37]), glycerol ([@bib17]), and formic acid ([@bib45]). In 2014, Beller^\'^s group achieved selective reduction of nitriles to primary amines in the presence of commercially available Pd/C with the HCOOH/NEt~3~ system ([@bib55]). In 2016, Li^\'^s group developed the transition metal alloy nanoparticles (NPs) (binary among Co, Ni, and Cu) that were embedded in N-doped carbon matrix and subsequently used in the transfer hydrogenation of nitriles in isopropanol to selectively yield the imines ([@bib32]). In 2017, Li\'s group designed a bifunctional N-doped Co\@C catalyst system (Co\@NC) for the transfer hydrogenation of nitriles under base-free conditions with isopropyl alcohol as the proton donor to realize the selective synthesis of imines or amines ([@bib33]).

Recently, ammonia borane (AB, NH~3~·BH~3~) has become a promising hydrogen source because of its high hydrogen density (hydrogen content of 19.6 wt %), nontoxicity, and high solubility in water and alcohol ([@bib42], [@bib13], [@bib46], [@bib35], [@bib30], [@bib23]). In 2014--2017, Sun\'s group continuously reported the facile synthesis of bimetal NPs (NiPd, FePd, and CuNi) and their assembly on graphene to catalyze the tandem AB dehydrogenation and hydrogenation of R-NO~2~ and/or R-CN to R-NH~2~ in aqueous methanol solutions ([@bib19], [@bib36], [@bib60]). Recently, Fu\'s group reported a heterogeneous Ni~2~P catalytic system for the hydrogenation of nitriles to primary amines with AB as the hydrogen source ([@bib61]). Actually, investigation on metal-catalyzed selective reduction of nitriles to secondary amines is rare, until Liu\'s group described the first homogeneous Co-pincer-catalyzed transfer hydrogenation of nitriles for the chemodivergent synthesis of primary and secondary amines with AB in 2016 ([@bib49]). However, there are some problems with aforementioned the researches: the massive noble metal loading or ultralong reaction time. And to date, the facile synthesis of primary and secondary amines through selective hydrogenation of nitriles is endowed with significance and challenge.

As a continuation of our previous research in transfer hydrogenation ([@bib52], [@bib3], [@bib4], [@bib63], [@bib7]), we herein achieved a highly efficient heterogeneous catalytic reduction of nitriles to yield primary or secondary amines chemodiversely. This catalytic system holds an equilibrium point between low-loading palladium and short reaction time in the nitrile hydrogenation with the assistance of Cu sites. Moreover, the chemoselectivity could be precisely controlled by electronic modulation of metal alloying. The catalyst diagram and preparation flowchart are shown in [Scheme 2](#sch2){ref-type="fig"}.Scheme 2The Flowchart for Preparation of the Catalyst

Results and Discussion {#sec2}
======================

We employed the rough-edged Fe~3~O~4~ nanospheres as the support for the catalyst, and the reduction of benzonitrile was the model reaction. The conversion of benzonitrile and the selectivity of products over various catalysts are shown in [Figure 1](#fig1){ref-type="fig"} (see [Table S1](#mmc1){ref-type="supplementary-material"} for more details). It is obvious that only copper can greatly enhance the catalytic effect of the low-loading palladium metal catalyst to complete the transformation of benzonitrile to primary amines ([Figure 1](#fig1){ref-type="fig"} and [Table S1](#mmc1){ref-type="supplementary-material"}, entries 1--10). We believe that it is copper that activated the cyano group and made the triple bond easier to break through.Figure 1Screening of CatalystsThe catalysts that are expressed as Pd-M1~x~M2~y~/Fe~3~O~4~ are prepared with 0.5 mg PdCl~2~, x and y mmol nitrate, and 100 mg Fe~3~O~4~.See also [Table S1](#mmc1){ref-type="supplementary-material"}.

From the reduction pathway of nitriles ([Scheme 1](#sch1){ref-type="fig"}), we conclude that the selectivity of products is intensively determined by the lifetime of the intermediate imine. When it lives shortly, the product is a primary amine, otherwise secondary and tertiary amines are obtained. Applying the electronic modulation, which is a currently popular strategy ([@bib22], [@bib6]), we modified the Pd-Cu catalyst with a third component to lessen the effect of copper so as to obtain secondary amines ([Figure 1](#fig1){ref-type="fig"} and [Table S1](#mmc1){ref-type="supplementary-material"}, entries 11--17). As expected, the secondary amines were selectively obtained when Fe, Co, or Ni was alloyed with copper, and the optimized catalyst was confirmed as Pd-Fe~0.25~Cu~0.25~/Fe~3~O~4~. The actual composition determined by inductively coupled plasma mass spectrometry (ICP-MS) is 0.24% Pd and 11.86% Cu; it means each reaction just needs 228 ppm Pd. The turnover of frequency (TOF) reached 2,929 hr^−1^ for Pd and 35.42 hr^−1^ for Fe or Cu. The reaction rate slowed down with the decline of palladium content (0.15% Pd determined by ICP-MS), but the TOF reached up to 3,597 hr^−1^ for a 139-ppm Pd catalyst ([Table S1](#mmc1){ref-type="supplementary-material"}, entry 21). To verify the heterogeneity of the active center, a hot filtration test was performed. Once 30% of the benzonitrile was transformed (10 min, detected by gas chromatography \[GC\]), the Pd-Fe~0.25~Cu~0.25~/Fe~3~O~4~ catalyst was magnetically separated and the reaction was then continued in the tube for an additional 1 hr. There was no noticeable increase of conversion; this revealed that the amount of Pd(II), Cu(II), and Fe(III) ions leaching out was negligible and the catalyst was indeed heterogeneous in nature.

Characterization {#sec2.1}
----------------

The morphologies of Fe~3~O~4~ prepared by solvothermal method ([@bib14]) and the optimum catalyst were investigated by transmission electron microscopy (TEM) and high-resolution TEM. As shown in [Figure 2](#fig2){ref-type="fig"}A, the Fe~3~O~4~ support is a relatively uniform pompon-like nanosphere with an average size of about 300 nm, and the external villi and the inner voids are distinguishable. It is also worth noting that the catalyst samples maintained similar shapes to those of their parent carrier material, and no large particles could be obviously observed on the surface of the catalysts ([Figures 2](#fig2){ref-type="fig"}B and [S1](#mmc1){ref-type="supplementary-material"}). To demonstrate the form of active site, we selected a typical catalyst particle with more detailed characterization ([Figures 2](#fig2){ref-type="fig"}C--2I). The selected area electron diffraction (SAED) characterization presented high crystallinity of the catalyst ([Figure 2](#fig2){ref-type="fig"}E). The planes of the cubic phase of Fe~3~O~4~ were marked in parentheses, and the lattice spacing of 0.111, 0.173, 0.258, 0.301, and 0.495 nm correspond to the (553), (422), (311), (220), and (111) planes of the cubic phase of FeCu alloy, respectively (JCPDS No. 49-1399). Metallic palladium was confirmed due to the discovery of its (111) planes, 0.225 nm. No palladium alloy phase was detectable because the reduction potentials of Pd^2+^ to Fe^3+^ or Cu^2+^ were far apart, so the co-reduction of Pd with the two other metal ions is impossible in the absence of ligand compound ([@bib62], [@bib15]). [Figure 2](#fig2){ref-type="fig"}D highlights a typical FeCu alloy nanoparticle with crystal lattice of 0.301 nm, which is discovered from the scattered particle in [Figure 2](#fig2){ref-type="fig"}F and assigned to the (220) interplanar spacing because the regular nanoparticles can only display the lattice stripes of ferric oxide ([Figure S1](#mmc1){ref-type="supplementary-material"}). In addition, elemental mappings point out that Pd is evenly distributed in the catalysts ([Figure 2](#fig2){ref-type="fig"}I). All these evidences indicated that the active metal sites permeated into Fe~3~O~4~.Figure 2Characterization of Morphology(A) Transmission electron microscopic (TEM) image of the Fe~3~O~4~ carrier. (B, C, and E--I) TEM image, high-resolution TEM (HRTEM) image, SEAD characterization, and EDS elemental mappings of the catalyst. (D) HRTEM image of a single Pd-FeCu NP.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

The structural information was further revealed by powder X-ray diffraction analysis ([Figure 3](#fig3){ref-type="fig"}). We initially characterized Pd-FeCu/Fe~3~O~4~, but the spectrum only displayed the diffraction peaks of magnetite ([Figure 3](#fig3){ref-type="fig"}A). Suspecting that the high crystallinity of ferric oxide obscured the signal of alloy phase, we subsequently verified a carrier-free catalyst that was fabricated with a similar preparation process. The diffraction peaks at 2θ = 34.72° were assigned to the (311) plane of the cubic phase of FeCu alloy, and there was still no signal about the alloy phase of Pd ([Figure 3](#fig3){ref-type="fig"}B). Combining the energy dispersive X-ray spectroscopy (EDS) and SAED results, we believe that iron and copper existed as alloy in the catalyst, whereas palladium particles existed independently.Figure 3Characterization of StructureX-ray diffraction pattern of optimal catalyst (A) and sole Pd-FeCu nanoparticles without carrier (B).

X-ray photoelectron spectroscopic characterization was further conducted to analyze the electronic modulation in the catalyst. For all materials, two main peaks around 932.6 and 706.7 eV are observable in the Cu 2p and Fe 2p regions ([Figures 4](#fig4){ref-type="fig"}, [S2](#mmc1){ref-type="supplementary-material"}, and [S3](#mmc1){ref-type="supplementary-material"}), respectively, indicating that Cu and Fe atoms are in the metallic state. For the Pd-Fe~0.5~/Fe~3~O~4~ and Pd-Cu~0.5~/Fe~3~O~4~, the unaltered binding energy (BE) of Cu2p~3/2~, Fe2p~3/2~, and Pd3d~5/2~ relative to standard values implies that Pd does not form alloy with Cu or Fe ([Figure S2](#mmc1){ref-type="supplementary-material"}). When iron is introduced in Pd-Cu/Fe~3~O~4~, a negative shift occurred for Cu 2p~3/2~ and a positive shift appeared for Fe2p~3/2~ compared with their benchmark values, which indicates the electron transfer process. Meanwhile, the offset of Cu 2p~3/2~ BE in Pd-FeCu/Fe~3~O~4~ gradually increases along with the enhancement of the ratio of Fe to Cu, whereas the offset of Fe 2p~3/2~ displayed a gradual decrease. This is in agreement with the literature about fabrication of FeCu alloy ([@bib26], [@bib34]).Figure 4Characterization of Electron ModulationX-ray photoelectron spectroscopy of Pd-FeCu/Fe~3~O~4~ in the (A) Cu 2p and (B) Fe 2p regions.See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

The secondary amine selectivity and BE of Cu 2p~3/2~ are plotted against the Cu/Fe ratio for the PdFeCu-based catalysts ([Figure 5](#fig5){ref-type="fig"}), and the nature of the plot indicates that the electronic modulation of copper intensively affects the selectivity of reduction of nitrile. The alloying of Fe enhances the electron density of surface Cu; this hinders the activation of imine intermediates and consequently leads to the high selectivity of secondary amines.Figure 5Cu 2p~3/2~ BEs and Secondary Amine Selectivities in Different CatalystsSee also [Figure S3](#mmc1){ref-type="supplementary-material"}.

The Substrate Exploration {#sec2.2}
-------------------------

In expectation, these pompon-like nanoparticles could smoothly catalyze the transfer hydrogenations of a broad scope of nitriles to selectively afford their corresponding primary or secondary amines along with perfect electronic modulation ([Table 1](#tbl1){ref-type="table"}). As investigated, the substrates bearing electron-donating groups, such as methyl benzonitrile and methoxy benzonitrile, produced the corresponding benzylamines with up to 97% selectivity ([Table 1](#tbl1){ref-type="table"}, entries 1--8), while the corresponding secondary amine products could be obtained with up to 98% selectivity ([Table 1](#tbl1){ref-type="table"}, entries 1--3, 5--8). Specifically, the slightly declined yield of bis(2-methylbenzyl)amine may be due to the steric hindrance ([Table 1](#tbl1){ref-type="table"}, entry 4). Likewise, electron-withdrawing functional groups, including fluoro, chloro, and trifluoromethyl, were all well tolerated to this methodology. They gave the desired benzylamine products with up to 90% selectivity ([Table 1](#tbl1){ref-type="table"}, entries 9--12) or generated the corresponding secondary amines with up to 95% selectivity ([Table 1](#tbl1){ref-type="table"}, entries 9--12). It is worth noting that no dehalogenated product was detectable in this catalytic system. Furthermore, aliphatic nitriles deserve particular mention in this regard, because the α-H can cause base-induced condensation as potential side reactions and aliphatic imines are usually unstable ([@bib11]). However, in the present system, phenylacetonitrile underwent the transfer hydrogenation successfully, affording the corresponding primary and secondary amine products in 88% and 94% selectivities, respectively ([Table 1](#tbl1){ref-type="table"}, entry 13). Again, acetonitrile was also quantitatively converted into the corresponding products ([Table 1](#tbl1){ref-type="table"}, entry 14).Table 1Transfer Hydrogenation of Various Nitriles to Primary Amines and Secondary Amines![](fx2.gif)EntrySubstrate[a](#tblfn1){ref-type="table-fn"}Pd-Cu~0.5~/Fe~3~O~4~Pd-Fe~0.25~Cu~0.25~/Fe~3~O~4~Con. (%)ProductSel. (%)Con. (%)ProductSel. (%)1![](fx3.gif)\>99![](fx4.gif)95\>99![](fx5.gif)982![](fx6.gif)\>99![](fx7.gif)93\>99![](fx8.gif)973![](fx9.gif)\>99![](fx10.gif)96\>99![](fx11.gif)974![](fx12.gif)\>99![](fx13.gif)97\>99![](fx14.gif)765![](fx15.gif)\>99![](fx16.gif)95\>99![](fx17.gif)956![](fx18.gif)\>99![](fx19.gif)92\>99![](fx20.gif)967![](fx21.gif)\>99![](fx22.gif)94\>99![](fx23.gif)988![](fx24.gif)\>99![](fx25.gif)93\>99![](fx26.gif)979![](fx27.gif)\>99![](fx28.gif)83\>99![](fx29.gif)8710![](fx30.gif)\>99![](fx31.gif)89\>99![](fx32.gif)9511![](fx33.gif)\>99![](fx34.gif)85\>99![](fx35.gif)9012![](fx36.gif)\>99![](fx37.gif)90\>99![](fx38.gif)8313![](fx39.gif)\>99![](fx40.gif)88\>99![](fx41.gif)9414CH~3~CN\>99CH~3~CH~2~NH~2~97\>99![](fx42.gif)95[^2][^3]

It should be mentioned that recyclability is an essential property for a heterogeneous catalyst. In this regard, we performed a reusability test for the Pd-Fe~0.25~Cu~0.25~/Fe~3~O~4~ catalysts in the synthesis of dibenzylamine at the optimized reaction conditions. The catalyst can be easily retrieved via magnetic separation at the end of a reaction. After lavation with ethanol and drying, a new batch was implemented. As shown in [Figure 6](#fig6){ref-type="fig"}, the catalyst exhibits almost no activity change in the first three runs, and the activity remained at 85% of the initial level after five runs. We attribute this robustness to the porous structure of the carrier ([Figure S4](#mmc1){ref-type="supplementary-material"}) and magnetic attraction of Fe~3~O~4~ to FeCu alloy ([@bib7]).Figure 6Stability of the Optimum CatalystSee also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Based on these detailed experimental results, a plausible mechanism is depicted in [Figure 7](#fig7){ref-type="fig"}. Initially, the active hydrogen species are produced from the Pd-catalyzed decomposition of AB for further hydrogenation, and they are stored on ferric oxide, which has been reported to have hydrogen spillover capacity ([@bib29]). The imine intermediate and primary amines were generated successively by hydrogen transfer. By alloying of iron, the activity of electron-rich copper decreased, which resulted in an extended life of the imine intermediates, which subsequently underwent nucleophilic attacked by the amine. The intermediate product was the unstable gem-diamine, whose deamination gave the secondary imine. Finally, the imine received active H species to provide the desired secondary amines. The role of copper is to activate the C-N multibond and make it easier to be broken, and the iron^\'^s function is to alloy with copper and thereby regulate the activation ability of copper. The trace amount of palladium is responsible for breaking down the NH~3~BH~3~ to provide active hydrogen species at a proper rate. The fissure-rich Fe~3~O~4~ nanospheres supply the workshop for the dispersion of active sites and storage of active hydrogen species. So each one of these components in our catalyst is indispensable, and the delicate proportion between them is also vital.Figure 7Plausible Mechanism for the Hydrogenation of Nitriles to Secondary Amines Catalyzed by Pd-Fe~0.25~Cu~0.25~/Fe~3~O~4~

Conclusions {#sec2.3}
-----------

In summary, we have developed an efficient multi-metallic catalyst system for the controllable transfer hydrogenation of nitriles to generate primary and secondary amines with a perfect switch. Low-loading palladium, copper with cyano-activation, and iron with electronic modulation are indispensable, and the pompon-like magnetite nanosphere provides a workshop for the dispersion of active sites and magnetic recyclability. A variety of nitriles generated their corresponding primary and secondary amines with highly controllable selectivity applying NH~3~BH~3~ as the hydrogen donor. The high efficiency, controllable selectivity, good compatibility, and recyclability combined with mild reaction conditions makes this system a promising pathway for transfer hydrogenations of nitriles.

Limitations of Study {#sec2.4}
--------------------

The higher reaction temperature will produce borate crystals above the bottle wall. The solvent is chromatographic methanol, otherwise the imine will hydrolyze. The regeneration of the catalyst has not been studied yet.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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[^1]: Lead Contact

[^2]: GC, gas chromatography

[^3]: Reaction conditions: nitrile (1 mmol), AB (3 mmol), and catalyst (10 wt% of substrate) in 2 mL of CH~3~OH were heated at 40°C for 90 min. GC yield (%) were shown using biphenyl as the internal standard.
